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Abstract

Water pollution arising from base metal sulphide mines is problematic in many countries, yet the hydrogeology of
the subsurface contaminant sources is rarely well-characterized. Drainage water pumped from an active F±Pb mine

in northern England has unusual chemistry (alkaline with up to 40 mg.lÿ1 Zn) which profoundly impacts the
ecology of the receiving watercourse. Detailed in-mine surveys of the quantity and quality of all ground water
in¯ows to the mine were made. These revealed major, temporally persistent heterogeneities in ground water quality,

with three broad types of water identi®ed as being associated with distinct hydrostratigraphic units. Type I waters
(associated with the Firestone Sill aquifer) are cool (<108C), Ca±HCO3±SO4 waters, moderately mineralized
(speci®c electrical conductance (SEC)R 410 mS.cmÿ1) with <4 mg.lÿ1 Zn. Type II waters (associated with the Great
Limestone aquifer) are warmer (1158C), of Ca±SO4 facies, highly mineralized (SEC R 1500 mS.cmÿ1) with

R40 mg.lÿ1 Zn. Type III waters (in the deepest workings) are tepid (>188C), of Ca±HCO3±SO4 facies,
intermediately mineralized (SEC R 900 mS.cmÿ1) with R13 mg.lÿ1 Zn, and with signi®cant Fe (R12 mg.lÿ1) and Pb
(R8 mg/l). Monotonic increases in temperature and Clÿ concentration with depth contrast with peaks in total

mineralization, SO4 and Zn at medium depth (in Type II waters). Sulphate, Pb and Zn are apparently sourced via
oxidation of galena and sphalerite, which would release each metal in stoichiometric equality with SO4. However,
molal SO4 concentrations typically exceed those of Pb and Zn by 2±3 orders of magnitude, which mineral equilibria

suggest is due to precipitation of carbonate ``sinks'' for these metals. Contaminant loading budgets demonstrate
that, although Type II waters amount to only 25% of the total ground water in¯ow to the mine, they account for
almost 60% of the total Zn loading. This observation has important management implications for both the
operational and post-abandonment phases of the mine life cycle. 7 2000 Elsevier Science Ltd. All rights reserved.

1. Introduction

In many parts of the world, aqueous emissions of

ecotoxic metals from mines are a major source of

water pollution. The ecological problems arising from

acidic mine drainage are widely appreciated (see Kelly,
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1988). Much of the ecological damage is caused by the

smothering of the benthos by Fe hydroxide/oxyhydrox-
ide deposits (generally termed ``ochre'' in the UK;
Bowell and Bruce, 1995; Fuge et al., 1994), which can

be so pervasive that they e�ectively preclude photosyn-
thesis (e.g. Jarvis and Younger, 1997). It should be
noted that the majority of mine water discharges

which give rise to ochre precipitation are actually net-
alkaline (e.g. NRA, 1994; Younger, 1998a), but are no

less ecologically damaging for that (Jarvis and
Younger, 1997). Ecotoxic metals other than Fe (e.g.
Zn, Cu, Cd, Hg etc) are frequently encountered in the

more acidic mine discharges (e.g. Banks et al., 1997;
Fuge et al., 1994; Younger, 1998a), though it would be
wrong to assume that such metals are restricted to net-

acidic waters. The ®rst objective of this paper is to
document examples of net-alkaline mine waters of cir-

cum-neutral pH (and containing little Fe) which are
nevertheless contaminated with up to 40 mg.lÿ1 of Zn.
The impacts of metalliferous mine water discharges

on water resources and the ecological integrity of
receiving watercourses have led regulatory agencies to

impose rigorous aqueous emission standards on many
mines. Where a mining operation is ®nancially mar-
ginal, the costs of ensuring compliance with strict regu-

latory limits can be su�ciently onerous that they make
continued mining uneconomic (Warhurst, 1999), con-
ceivably resulting in out¯ows of contaminated water

after the mine is ¯ooded (Younger, 1997a; Younger
and Harbourne, 1995). Avoidance of this calamity

requires the development and application of cost-e�ec-
tive treatment methods for mine water e�uents.
Mine water treatment can be achieved by a variety

of means, which can be classed in two major categories
(Hedin et al., 1994): active treatment and passive treat-
ment. Active treatment of mine waters is most com-

monly achieved by means of alkali dosing and
sedimentation (e.g. Bosman, 1983), though other (gen-

erally more costly) processes, ranging from bacterial
sulphate reduction (Dvorak et al., 1992) through to
reverse osmosis (Wilson and Brown, 1997), have all

found applications to mine waters in appropriate cir-
cumstances. Passive treatment of mine waters is
achieved by means of constructed wetlands and allied

gravity-¯ow biogeochemical processes (Hedin et al.,
1994; Younger, 1997b, 1998b).

Whether active or passive methods are used, it is
commonly observed (see, for instance, Gray, 1999)
that unit treatment processes tend to work most e�-

ciently (in terms of percentage removal rates, etc)
when they receive high in¯uent concentrations. This

phenomenon is well summarized in the aphorism con-
cerning water treatment which holds that ``it is easier
to lower concentrations from 100 to 10 mg/l than from

10 to 1 mg/l''. One corollary of this aphorism is that,
if percentage e�ciency were the only objective, it

would be (somewhat paradoxically) better to treat a
more concentrated e�uent than a dilute one. In practi-

cal terms, this corollary only makes sense if one has
the option of treating a high-concentration e�uent of
small volume in preference to a low-concentration

e�uent of large volume. In many wastewater treatment
situations, there will be little scope for exercise of such
a preference. However, where treatment of polluted

groundwaters is concerned, there may well be scope
for this, for polluted bodies of groundwater are well
known to be markedly spatially heterogeneous, as a

consequence of the myriad of dispersive and reactive
processes which occur during pollutant transport (Fet-
ter, 1999). Water entering deep mines is, of course,
groundwater, and it is therefore reasonable to postu-

late that this will display heterogeneities in quality
which could be exploited to optimize the cost-e�ciency
of e�uent treatment.

The second objective of this paper is to demonstrate
how careful geochemical characterization of heteroge-
neities in mine water quality within active workings

can be used to identify the most highly contaminated
components of the mine water yield. These highly con-
taminated components can then be isolated and sub-

jected to separate, intensive treatment, leaving the bulk
of (less contaminated) mine water to be discharged to
the external environment with little or no treatment.
The cost savings associated with this approach, com-

pared to the traditional approach of treating the entire
mine water yield, are considerable.

2. Methodology

The site chosen for the investigation was Frazer's
Grove Mine, an underground ¯uorite/Pb mine in the
North Pennine Ore®eld, UK (Fig. 1). Further details

of the geological setting and mine layout are given in
the following section. The work reported here formed
part of a more substantial research programme which

sought to assess and mitigate the environmental
impacts of mine water discharges from Frazer's Grove
Mine on the receiving watercourse. Details of the eco-

logical, engineering and hydrological aspects of this
project are reported elsewhere (Younger et al., 1995,
1998; Younger, 1998c).
Underground sampling sites were selected during

reconnaissance visits in the Autumn of 1997, with
weekly sampling for ¯ows and hydrochemistry being
undertaken in the period of January through April

1998. Fig. 2 illustrates schematically the layout of the
mine and lettered sampling points.
The rigours of the underground working environ-

ment naturally make application of standard hydrolo-
gical techniques (such as impeller ¯ow metering) very
di�cult to implement. It was found that the most re-
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liable results were obtained by measuring ¯ows by a

bucket-and-stopwatch approach. Where mine water

emanated from (or could be temporarily diverted
through) pipe ranges, this was readily accomplished. In

come cases, corrections to data had to be made to

allow for known periods of pump down-time. Where
water cascaded through the mine roadways ceilings,

tarpaulins were used to direct the water into a single

jet, which was then amenable to bucket-and-stopwatch
measurement.

Hydrochemical sampling was undertaken at the

same points as ¯ow measurements, and was supported

by on-site analyses for alkalinity (using a hand-held
digital titrator), pH, Eh (mV), temperature and con-

ductivity (using portable electronic meters). The alka-

linity titrations demanded a certain amount of practice
to cope with the poor lighting. White backdrops lit by

cap lamps of colleagues ensured that accurate, repeata-

ble end-points were obtained. No problems were
encountered with pH, Eh, temperature and conduc-

tivity measurements: re-measurement of calibration

standards at the end of each sampling trip showed that
the meters had not drifted in their performance by

more than 2%. As in most other studies the absolute

value of the Eh measurements is nevertheless suspect,

except for waters such as the 295W Exploration Bore-

hole, the Rake Level and Greencleugh, in which su�-
cient Fe is present for the Fe2+/Fe3+ couple to

dominate the overall redox response. Samples were col-

lected in new 500 ml plastic bottles, with the cation
samples being preserved at the time of collection by

addition of 3 drops of concentrated HNO3. On-site ®l-

tration was usually impractical during underground
visits, due to restrictions of time (arising from the need

to synchronize activities with mine production cycles).

On the few occasions when there was time for on-site
®ltration before ®lling of bottles, comparisons of ®l-

tered and un®ltered waters revealed only minor di�er-
ences. Greatest uncertainties in relation to non-®ltered

samples arise for the two stations on 260 and 270

levels, where the water was often turbid due to concur-
rent mining activities. Comments on these uncertainties

are given in Section 4.

At ground surface, ¯ow measurements and sampling

were also undertaken at the mouths of mine adits

where water emerges by gravity ¯ow, and at the top of
the No 1 shaft (Fig. 2) where the entire underground

water make (i.e. the total amount of water entering the

Fig. 1. (a) Location of Frazer's Grove Mine within the UK (b) Simplifed geological succession for the study area, showing the rela-

tive positions of stratigraphic units mentioned in the text.
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workings) is brought to the surface by means of a sub-

mersible pump. The very substantial ¯ow from this

pump was determined by logging pump run times and

making occasional checks of instantaneous ¯ow rate

by a ``bin-and-stopwatch'' method.

After ®ltering all samples in the laboratory to

0.45 mm, analyses were undertaken in accordance with

the Standard Methods of the American Public Health

Association. Cations were determined by atomic

absorption spectrophotometry and inductively coupled

plasma optical emission spectroscopy, and anions by

ion chromatography. The dilutions necessary to allow

passage of waters with such high concentrations of

SO4 through the chromatograph column result in a

loss of accuracy for some anions (such as Fÿ) which

are present at low concentrations. The values obtained

for F have been excluded from Table 1 for this reason.

The O and H isotopes were analysed at the British

Geological Survey's Wallingford laboratory, using

dedicated preparation lines and dipole mass spec-

trometers in accordance with well-established pro-

cedures (G Darling, BGS, personal communication

1996).

Speciation of the waters was modeled, and calcu-

lation of mineral saturation indices performed, using

the well-known US Geological Survey code
WATEQ4F (Ball and Nordstrom, 1991). WATEQ4F

is particularly suited to the modeling of mine waters as
the database compiled by Ball and Nordstrom (1991)
draws upon several decades of research into mine

water geochemistry. Recent examples of the appli-
cation of WATEQ4F to mine waters are presented by
Younger (1995, 1998a) and Chen et al. (1997). All of

the analytes reported in Table 1 were used in the
WATEQ4F runs. Although F was excluded from
Table 1 because of analytical errors arising from the

dilutions necessary for the ion chromatograph, and
was therefore excluded from the WATEQ4F analyses,
the fact that it occurs at low concentrations in these
waters (typically less than 1 mg.lÿ1, re¯ecting the low

solubility of CaF2 at the ambient temperatures and
pressures) precludes it having a dominating in¯uence
on speciation.

3. Frazer's Grove Mine

``Frazer's Grove Mine'' is the collective name for
four adjoining series of underground workings (all

operated by the same company) in the Rookhope val-

Fig. 2. Simpli®ed cross-section (parallel to the strike of the Greencleugh Vein) through workings of Frazer's Grove F±Pb mine,

showing named localities where water quality samples were collected.
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ley, Weardale, County Durham, UK (Figs. 1 and 2).
The workings are developed in a series of sub-vertical

hydrothermal veins which form part of the extensive
North Pennine Ore®eld (Dunham, 1990). This ore®eld
has a history of mining dating back many centuries,

and it was for much of its life the world's leading
source of Pb. It has also been a major producer of Zn,
Ba and F, the latter in the form of ¯uorite. The veins

in which the economic deposits occur cut fairly ¯at-
lying sedimentary rocks (Fig. 1(b); principally shales,
sandstones and limestones) of Lower Carboniferous

age. The most prominent formation in the Frazer's
Grove district is the Great Limestone (Figs. 1(b) and
2), which maintains a thickness in excess of 20 m
throughout most of the ore®eld. The veins pinch as

they pass through soft, shaley strata, but swell to sev-
eral metres width where they cut competent sandstones
and limestones. The most productive sections of the

majority of veins have been encountered where the
veins cut the Great Limestone.
Frazer's Grove Mine is developed in three intersect-

ing veins, all of which carried substantial quantities of
¯uorite (CaF2), with subsidiary siderite (FeCO3) and
quartz (SiO2). Economically important metal sulphide

minerals occur rather sparsely in these veins. Inspec-
tion of vein material currently worked in Frazer's
Grove reveals the most abundant sulphide mineral to
be galena (PbS), which is present in large euhedral

crystals (individuals being up to 3 cm diameter) and
polycrystalline masses (up to 30 cm diameter). Chalco-
pyrite (FeCuS2) occurs as thin dendritic wafers

between siderite and ¯uorite masses near the footwall
of the vein. Pyrite is very rare, though it sometimes
occurs as minor, medium-grained inclusions within

large masses of galena. These inclusions oxidise follow-
ing exposure, giving rise to ``rusty rims'' around galena
crystals where these adjoin ¯uorite or quartz. Sphaler-
ite is generally ®ne grained, but locally abundant to

judge from analyses of ore concentrates.
Brief details of the mining history and modern

dewatering arrangements in each of the four mining

operations at Frazer's Grove (Fig. 2) are as follows:

3.1. Grove Rake Mine

This is the body of workings accessed by the two

shafts (Fig. 2), which worked the Grove Rake and Red
veins for Pb between 1815 and 1916 (Dunham, 1990),
and subsequently for ¯uorite until the 1970s. These

workings are connected to the more recent Frazer's
Hush workings to the west by only one roadway (the
60 fathom level; Fig. 2). This roadway is used to com-

plete the ventilation circuit, provide secondary egress
from the mine and to route pumped drainage from
Frazer's Hush to the sump in the No 2 shaft, where itT
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mixes with Grove Rake waters before being pumped
to the surface for disposal.

3.2. Rake level/Firestone Incline workings

Although always administered as part of Grove
Rake Mine, these workings are not accessible via the

Grove Rake shafts, and were always worked via the
two drift-type drivages into the hillside from which
they draw their names (Fig. 2). Minor dewatering op-

erations within these workings deal with local water
in¯ows by pumping to both portals.

3.3. Frazer's Hush Mine

This is the main area of recent and current working,

and exploits the Greencleugh Vein. The mine is
accessed by the ``1-in-4 Dib'' (i.e. inclined roadway)
some 600 m west of the Grove Rake shafts (Fig. 2).

Water enters the Frazer's Hush workings at a number
of horizons, but most proli®cally at and below the 310
level (Fig. 2).

3.4. Greencleugh Mine

Greencleugh Mine worked higher portions of the

Greencleugh Vein, principally in the Great Limestone
and overlying strata, a little to the west of those areas

worked from Frazer's Hush 1-in-4 Dib. This mine was
worked intermittently until December 1995, since
which time pumping of the mine sump (discharged via

the portal) has been maintained to avoid dangerous ac-
cumulations of water above active workings in Frazer's
Hush.

4. Results

4.1. Flow measurements

Before this investigation, there was little accurate in-
formation on the quantities of water pumped from the
Frazer's Grove complex. (This state of a�airs is not
uncommon in mining operations worldwide.) Although

pump run times were recorded as part of safety pro-
cedures, instantaneous ¯ow measurements on individ-
ual in¯ows were never made, and estimates of the total

water yield of the mine were based upon the pump
manufacturers speci®cation data. Development of a
detailed water budget for the mine on the basis of the

new underground ¯ow measurements was therefore a
priority. A summary of the mine water budget is given

Fig. 3. Flow chart summarizing the mean water and Zn-loading budget for Frazer's Grove Mine.

P.L. Younger / Applied Geochemistry 15 (2000) 1383±13971388



in Fig. 3, from which it is clear that the Frazer's Hush
workings are the most proli®c source of water, yielding

around 700 m3.dÿ1.

4.2. Mine water chemistry

Mean hydrochemical results for all mine water dis-

charges at Frazer's Grove, and subsidiary points
within the Frazer's Hush workings, are given in
Table 1. It is immediately apparent that the most pro-
blematic component of these waters is Zn, which is

present at mean concentrations ranging up to 27 mg.lÿ1

(in the 285E Hopper locality). (Individual samples at
the same point yielded concentrations as high as

40 mg.lÿ1). Elevated concentrations of Pb are also
apparent in some analyses, particularly those of 260
level, 270 level and No 1 shaft. However, as these

three locations generally yielded turbid water due to
active mineral extraction, and given that galena was
present in large quantities in the vein at the time of the

site visits, it is possible that the elevated Pb concen-
trations are the result of sample contamination by
galena particles suspended in these waters at the time
of sampling and preservation with acid. In any case,

Pb concentrations are typically 1±2 orders of magni-
tude lower than those of Zn. Copper is often detected
(as expected from the presence of chalcopyrite in the

vein), but is typically 3 orders of magnitude lower in
concentration than Zn.
By combining the Zn concentrations with the syn-

chronously measured ¯ows, it has been possible to cal-
culate a detailed Zn loading budget for the mine
(Fig. 3). The signi®cance of this budget is discussed in

the following section.

4.3. Speciation and mineral saturation index modeling

WATEQ4F was run for all available analyses, using
the Debye-HuÈ ckel formulation to speciate the waters.

While the code predicts the distribution of aqueous
species for all analytes entered in the input ®les, space
(and lack of novelty) precludes the presentation of
most of the results here. However, given the applied

interest in the behaviour of Zn as a contaminant at
this site, the speciation of that metal is summarized in
some detail in Table 2.

WATEQ4F calculates the saturation index (SI),
which is de®ned as log(IAP/Kt), where IAP is the ion
activity product and Kt the solubility product (tabu-

lated in the WATEQ4F database for a wide variety of
mineral phases; Ball and Nordstrom, 1991). In prac-
tice, very few minerals will satisfy one or more of the

following criteria:

. contain species (such as ecotoxic metals) which are
of interest for study purposes in the relevant waters;T
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. be visibly present in the local strata, or;

. be su�ciently close to saturation (i.e. with an SI

value close to zero) that they could feasibly be in¯u-

encing the dissolved concentrations of species of

interest.

For this particular problem, minerals which satisfy

these criteria are calcite (CaCO3), dolomite

(CaMg(CO3)2), siderite (FeCO3), smithsonite (ZnCO3),

amorphous hydrated Zn carbonate (ZnCO3.1H2O),

gypsum (CaSO4.2H2O) and cerussite (PbCO3). The

modelled SI values for these minerals in relation to

mean water quality at various measuring points within

the mine system are presented in Table 3.

Two further minerals might be postulated as poss-

ible sinks for Zn in this system. The ®rst of these is

goslarite (ZnSO4.7H2O), the formation of which might

be anticipated in waters so rich in Zn and SO4. How-

ever, in no case was the SI value obtained for goslarite

greater than ÿ4. The second (and more plausible)

possible solid phase sink for Zn is hydrozincite

(ZnCO3.3Zn(OH)2; Dunham, 1990), which has actually

been observed actively precipitating in abandoned

mines further west in the ore®eld (Nuttall and

Younger, 1999). However, thermodynamic data for

this mineral are not yet su�ciently well established to

allow its inclusion in the WATEQ4F database. If (as

seems likely) the precipitation of hydrozincite actually

occurs via an amorphous hydrated Zn CO3 predeces-

sor, then the presence of that mineral in the current

database will su�ce for predicting by proxy the likeli-

hood of precipitation of hydrozincite (though not its

dissolution).

Problems with direct measurement of Eh (which are

commonly encountered in studies such as this) were

noted above. To assess the degree to which the uncer-

tainties in measured Eh values propagate errors into
the speciation modelling, simple sensitivity analyses

were undertaken. These involved changing the Eh in
all of the analyses in the WATEQ4F input ®le between
reasonable limits (ÿ100 to +100 mV), and evaluating

the changes in speciation of Fe, Zn and Cu, and in the
SI values for the minerals listed in Table 3. Although
minor changes in speciation were observed, in no case

did these result in any of the studied minerals shifting
from sub-saturation to super-saturation or vice versa.
This may be because of the narrow range of possible

species for these metals in such hard waters at neutral
pH. It was therefore concluded that the uncertainties
in Eh measurement were not greatly damaging the in-
terpretation of the WATEQ4F output.

5. Discussion

5.1. Nature of the Frazer's Grove Mine waters

In terms of overall physico-chemical characteristics

(Table 1), it is possible to distinguish three volumetri-
cally-important types of water in the Frazer's Grove
workings. The three types plot in distinct ®elds on a

standard Piper diagram (Fig. 4). The overall properties
of the three water types are as follows:

5.1.1. Type I

Cool (temperature <108C), moderately mineralised
(conductivity R410 mS/cm), soft to moderately hard
waters of Ca±HCO3±SO4 facies (Fig. 4), with relatively

low concentrations of Zn (R4 mg/l). These waters are
typical of the Rake Level, the Firestone Incline, Green-
cleugh, Frazer's 410 level, and the 295W exploration

borehole (Table 1), all of which represent drainage

Table 3

Mean saturation indices (log(IAP/KT) values) for the waters listed in Table 1, in terms of selected minerals known or inferred to be

present in the sequence mined at Frazer's Grove, calculated using WATEQ4F

Location Type Calcite Dolomite Siderite Smithsonite ZnCO3.1H2O Gypsum Cerrusite

Rake level I ÿ1.238 ÿ2.937 ÿ0.339 ÿ1.664 ÿ1.212 ÿ2.048 ÿ0.084
Greencleugh I ÿ1.11 ÿ2.869 ÿ0.942 ÿ1.621 ÿ1.166 ÿ1.4 ÿ0.217
Firestone incline I ÿ0.245 ÿ1.272 0.035 ÿ0.67 ÿ0.237 ÿ1.222 ÿ2.304
295W Exp BH I ÿ1.427 ÿ3.488 ÿ0.201 ÿ2.115 ÿ1.682 ÿ1.797 ÿ0.146
285E Total make II ÿ0.244 ÿ0.925 ÿ0.961 ÿ0.238 0.13 ÿ0.432 ÿ1.153
285E Hopper II ÿ0.825 ÿ2.142 ÿ1.111 ÿ0.526 ÿ0.142 ÿ0.574 ÿ1.115
285E In-bye water II ÿ0.337 ÿ1.03 0.087 ÿ0.595 ÿ0.225 ÿ0.415 ÿ1.173
310 Local make II ÿ0.535 ÿ1.42 ÿ0.307 ÿ0.536 ÿ0.163 ÿ0.333 0.155

270 Fan rise III ÿ0.045 ÿ0.612 0.768 ÿ0.009 0.322 ÿ0.715 1.161

260 Sump III 0.3 ÿ0.066 1.033 ÿ1.171 ÿ0.84 ÿ1.064 1.365

Sun vein sump III ÿ0.122 ÿ0.789 ÿ0.605 ÿ0.26 0.083 ÿ0.925 ÿ1.418
No 1 shaft III ÿ1.166 ÿ2.804 ÿ0.568 ÿ1.065 ÿ0.666 ÿ0.736 0.294
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from the workings in the Firestone Sill sandstone. The
speciation of Zn in Type I waters (Table 2) is domi-

nated by free Zn2+ at around 80% of the total, with
the two carbonate species ZnCO0

3 and ZnHCO+
3

accounting for most of the remainder. ZnSO0
4 accounts

for only 5.5±8.5% of the total Zn (which, as will be
seen, is in stark contrast to its importance in the Type
II waters). With the exception of the Firestone Incline

water, which appears to be saturated with respect to
siderite, the Type I waters are undersaturated with
respect to all minerals listed in Table 3 (although cer-

ussite is very close to saturation in the Rake Level and
295W exploration borehole waters). The lack of satur-
ation with respect to common carbonates is consistent
with the shallow provenance of the Type I waters, and

the fact that they are sourced from a ferruginous sand-
stone (the Firestone Sill) which is not overlain by car-
bonates. Type I waters account for around 50% of the

total Frazer's Grove water make, but only 15% of the
total Zn loading (Fig. 3).

5.1.2. Type II
Warmer (temperature R158C), highly mineralised

(conductivity R1500 mS/cm), hard to very hard waters

of Ca±SO4 facies (Fig. 4), with high concentrations of
Zn (R30 mg/l). Type II waters are encountered on the
310 and 285E levels of the Frazer's Hush workings,
and are associated with drainage through abandoned

workings which underdrain the Great Limestone hor-
izon. The speciation of Zn in the Type II waters is
quite di�erent from that seen in Type I, in that the

CO3 species (ZnCO0
3 and ZnHCO+

3 ) are relatively
unimportant (totalling only 6±11% on average), while
the SO4 species ZnSO0

4 (and to a lesser extent

Zn(SO4)
2ÿ
2 ) account for 26±30% of the total, leaving

little more than 60% as the free ion Zn2+. Type II
waters are much closer to saturation with respect to

the common carbonate minerals (calcite, dolomite and
siderite) than are the Type I waters, but still do not
reach saturation (except in the case of siderite in the

285E In-Bye water). However, the 285E total make is
saturated with respect to amorphous hydrated Zn CO3

(Table 3), and the 310 local make is very close to sat-

uration with this phase also. This suggests that precipi-
tation of hydrated Zn CO3 (or, indeed, hydrozincite,
as discussed in the preceding section) may be imposing

an upper limit on dissolved Zn concentrations in these
waters. There is no such mineral control active for
SO4, however, since gypsum remains signi®cantly
under-saturated (even though it is closer to saturation

in these waters than in Types I or III). It is interesting
also to note that cerussite is markedly under-saturated
in these waters, which suggests that galena oxidation

has virtually ceased in the disused workings through
which the Type II waters drain. This is in contrast to
the situation in the active workings (as discussed

below). Type II waters account for around 25% of the
total Frazer's Grove water make, but 57% of the total
Zn loading (Fig. 3).

5.1.3. Type III
Tepid (temperature >188C), fairly highly minera-

lised (conductivity around 900 mS/cm), hard waters of
Ca±SO4 facies with signi®cant HCO3 (Fig. 4), with el-
evated Fe (R12 mg/l), Zn (R14 mg/l) and Pb (R8 mg/

l). These waters are associated with active workings
(260 and 270 level waters) in the Quarry Hazle sand-
stone and the underlying ``grey beds'' of siltstone and

mudstone, in which vein mineral sources of Fe, Zn and
Pb (ie siderite, sphalerite and galena respectively) were
being drilled and blasted daily at the time of sampling.
Type III waters closely resemble the mixed water

pumped from the Grove Rake shafts, with the excep-
tion that the latter does not contain appreciable Pb
(<1 mg/l). The speciation of Zn in Type III waters

results in the lowest proportion of free Zn2+ (at 60%
or less) seen in any of the three types. The proportions
of Zn complexed with CO3 and SO4 are roughly equal.

Hence the speciation of these waters in some senses re-
sembles a compromise between the distinct speciations
seen in the Type I and II waters. In terms of mineral
saturation indices (Table 3), the Type II waters are

saturated (or very nearly so) with respect to calcite
(except in the case of the No 1 shaft water), and even
with respect to dolomite in the case of the 260 sump

waters. The 260 and 270 waters are saturated with
respect to siderite, which is consistent with the
observed abundance of siderite in the Greencleugh

Vein on these levels. The 270 waters are also saturated
with respect to smithsonite and amorphous hydrated
Zn CO3. With the exception of the Sun Vein sump

Fig. 4. Piper diagram illustrating the proportions of major

ions in the Type I±III waters in Frazer's Grove Mine.
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waters (which drain inactive workings), the Type III

waters all display super-saturation with respect to cer-
ussite, strongly suggesting that the limited concen-
trations of dissolved Pb in the waters can be attributed

to precipitation of this mineral. In this connection, it is
interesting to note the following comments of Dunham
(1990) in relation to mines a little further west in the

ore®eld: ``Cerussite and anglesite are the common
alteration-products of galena, forming a white coating

to the grains and masses of the mineral, su�cient in
many instances to protect it from further alteration''.
Although anglesite is strongly undersaturated in these

waters (with SI in the range ÿ0.9 to ÿ1.5) it seems
likely that precipitation of cerussite could explain why

Pb is far less mobile than Zn in waters draining Fra-
zer's Grove and other mines (e.g. Nuttall and
Younger, 1999), even though galena is far more abun-

dant than sphalerite in the ore bodies. If, as Dunham
(1990) suggests, cerussite precipitates gradually develop
so far as to ``seal'' galena surfaces, then it is also poss-

ible to understand why Pb concentrations are so much
lower in waters draining the disused workings (produ-

cing Type II waters) than in these Type III waters. Pre-
sumably, sphalerite surfaces do not become so heavily
sealed by Zn CO3 precipitates, hence facilitating the

sustained release of Zn into Type II waters. Type III
waters account for around 25% of the total Frazer's
Grove water make, and 28% of the total Zn loading

(Fig. 3).
A fourth type of water does not appear in the active

workings, and hence is not listed in Table 1. Indeed it
has been observed only once during the life of the
mine, during a temporary pump failure at the Grove

Rake shafts in late March/early April 1996. When the
pumps are operating normally in this part of the mine,

the water level is maintained at around 312 m AOD
(i.e. above Ordnance Datum, the UK sea level datum).
By the time pumping recommenced, the water level

had risen to around 328 m AOD, ¯ooding some pre-
viously dry strata between the Quarry Hazle and the
Great Limestone (Fig. 1). The so-called ``plate beds''

(i.e. shales) in this sequence of strata are pyritic
(uniquely amongst the shales seen in the Frazer's

Grove workings). Subsequent inspection of these strata
underground reveals them to carry a heavy mantle of
white and yellow acid generating salts (sensu Bayless

and Olyphant, 1993). Rapid dissolution of these salts
during the ¯ooding incident explains the atypically

acidic nature of the mine water subsequently pumped
from the Grove Rake shafts, which had the following
characteristics when sampled on 4 April 1996: pH 3.56;

SO4 902 mg.lÿ1; total Zn 26.6 mg.lÿ1; total Fe
20.1 mg.lÿ1; total Mn 22 mg.lÿ1; total Al 14.6 mg.lÿ1.
Sustained pumping was accompanied by a rapid return

to water of Type III, which persisted thereafter.
With the exception of these acidic waters associated

with transient ¯ooding of low-permeability strata, the
Frazer's Grove mine waters are all strongly net-alka-

line (Table 1). As noted above, the resolution of the
waters into three types is explicable in terms of the
stratigraphic horizons with which they are associated.

As the strata in this area are only gently dipping
(Fig. 2), one would expect the distinct plotting pos-
itions of the three types on Fig. 4 to be re¯ected in

some di�erentiation in key solutes over depth in the
workings. Fig. 5(a) shows the generally monotonic
increase in mine water temperature and Clÿ content

with increasing depth. These patterns suggest (as
would be anticipated) an increasing proportion of
long-residence time (and therefore warmer and more
saline) groundwater entering the mine as depth

increases. Nevertheless, by comparison with previously
published values for meteoric water and mine waters
in the adjoining Durham Coal®eld (Sheppard and

Langley, 1984), the d2H and d18O values found
throughout this mine are consistent with the inference
that all of the waters are of relatively modern meteoric

origin. It therefore follows that the elevated tempera-
tures of these waters are not due to upwelling of
ancient, warm waters from depth, but rather that they

re¯ect warming of in¯owing shallow groundwaters in
response to the unusually high geothermal gradient as-
sociated with the underlying Weardale Granite (which
has been extensively investigated by Dunham (1990) by

means of the nearby Rookhope Borehole).
Fig. 5(b) shows the pro®les of conductivity and SO4

Fig. 5. (a) Temperature and Clÿ as a function of elevation

within the Frazer's Grove Mine workings. (b) SO4 and con-

ductivity as a function of elevation within the Frazer's Grove

Mine workings.
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with elevation. This indicates that the most heavily
mineralized waters are not associated with the deepest

workings, but rather with the workings between 310
and 285 mAOD, into which water ¯ows from the (im-
mediately overlying) Great Limestone via old workings

in the Greencleugh Vein. These ®eld relations strongly
suggest that the very high SO4 concentrations typical
of the waters at these depths (which are all Type II

waters) are not features of unaltered deep ground-
waters, but rather are associated with dissolution of
sulphide minerals in and around the Greencleugh Vein.

In order of decreasing abundance, the sulphide min-
erals present in the Greencleugh Vein are galena, chal-
copyrite, sphalerite and pyrite. Sphalerite is unique
amongst the four in that it occurs as very ®ne-grained

crystals, which would be expected to be far more reac-
tive than the medium- and large-grained euhedra of
galena, chalcopyrite and pyrite. In the discussion of

the three water types above, it was noted above that
mobile Pb is only found in the Type III waters, which
are associated with areas of active extraction. Type II

waters, which drain from disused workings which have
been inactive since the early 1990s, generally have very
low concentrations of Pb, though amongst the highest

concentrations of Zn. This suggests that galena dissol-
ution is not very vigorous save where the large euhedra
are being ®nely sub-divided by the mining process. It is
also feasible, as discussed above, that coatings of cer-

ussite on galena crystals in the inactive workings limit
further dissolution (cf Dunham, 1990).
High SO4 concentrations are typical of pyrite oxi-

dation waters, and are therefore often expected to be
accompanied by a low pH. However, where there is lit-
tle pyrite to be oxidized, then oxidation of the other

sulphide minerals present in this orebody would not be
expected to give rise to acidic pH values. For instance,
oxidation of sphalerite can be simply written:

ZnS� 2O2�aq�4Zn 2�
�aq� � SO 2ÿ

4�aq� �1�

And similarly for galena:

PbS� 2O2�aq�4Pb 2�
�aq� � SO 2ÿ

4�aq� �2�

and chalcopyrite:

CuFeS2 � 4O2�aq�4Cu 2�
�aq� � Fe 2� � 2SO 2ÿ

4�aq� �3�

None of these oxidation reactions directly yield pro-

tons on the right-hand side. However, the Fe2+ yielded
by oxidation of chalcopyrite (3) may be hydrolysed to
form ochre:

Fe3� � H2O4Fe�OH�3 � 3H� �4�

which generates acidity. Alternatively, Fe3+ may be
consumed in the oxidation of (for instance) sphalerite,

according to (Boon et al., 1998):

ZnS� 2Fe3��aq�4Zn 2�
�aq� � 2Fe 2� � S0

�aq� �5�

Whence the elemental S (S0) is subsequently oxidized
to SO2ÿ

4 :

S0 � 1:5O2 � H2O4SO 2ÿ
4 � 2H� �6�

(Similar equations to Eqs. (5) and (6) can be written
for the oxidation of chalcopyrite and galena).

By either mechanism of Fe transformation (i.e. Eq.
(4) or (6)), it is clear that chalcopyrite oxidation can
ultimately yield acidity, even though the ®rst step in

the reaction chain, Eq. (3), is not acid-generating. Con-
sequently if more chalcopyrite than sphalerite were oxi-
dizing in this environment, we would expect to see

rather more dissolved Fe and Cu, and a somewhat
lower pH, than are in fact encountered (Table 1). If
chalcopyrite oxidation is thus volumetrically unimpor-
tant, and (as postulated above) cerussite ``sealing'' of

crystal surfaces limits the sustained oxidation of
galena, then the bulk of SO4 in the Frazer's Grove
waters must be sourced from sphalerite oxidation. In

that case, it is possible to assess the amount of attenu-
ation of Zn which is occurring within the mined strata
by means of simple mass-balance calculations.

Table 4 lists mean molar ratios of S:Zn for all the
principal sampling points at Frazer's Grove. SO4 can
be expected to have been transported conservatively
from the sites of sphalerite oxidation, as the only feas-

ible mineral sinks for SO4 (gypsum and goslarite) are
always undersaturated in Frazer's Grove mine waters
(Table 3), and the measured Eh values (Table 1) are

too high (and C sources probably too scarce) for SO4

reduction to be a volumetrically important process. If

Table 4

Mean molar ratios of total S to total Zn in the Frazer's

Grove Mine waters

Location Molar ratio of S to Zn

Rake level 51

Greencleugh 43

Firestone incline 31

295W Exp BH 71

285E Total make 31

285E Hopper 17.5

285E In-bye water 65

310 Local make 35

270 Fan rise 26

260 Sump 442

Sun vein sump 30

No 1 Shaft 28
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Zn were also transported conservatively from sphaler-
ite oxidation sites, then in view of the stoichiometry of

the mineral (ZnS), one would expect the S:Zn molar
ratio to be unity. It is immediately apparent from
Table 4 that there are no values of this ratio even close

to unity in Frazer's Grove mine waters. The very low-
est ratio of 17.5 was found in the 285E hopper, which
(not surprisingly) is the single site with the highest

recorded Zn values. The ``hopper'' is actually a disused
vertical shaft 10 m in depth, connecting one roadway
to another. This shaft is ®lled with broken vein ma-

terial and waste rock, through which water continually
drains by unsaturated ¯ow (i.e. in the presence of O2).
It is therefore precisely the kind of site where sphaler-
ite oxidation would be expected to occur most opti-

mally. That Zn cannot even travel the very short
distances through this shaft (10 m) without being sub-
jected to major attenuation illustrates the rapid kinetics

involved in the precipitation of mineral sinks for Zn.
Even discounting the high values of the ratio associ-
ated with Zn-poor waters such as the 260 sump, the

mean value of the S:Zn ratio for the Zn-rich Type II
waters is 37, indicating that removal of Zn from sol-
ution is highly e�cient throughout the mine.

Taking the analysis a little further, the total mine
water ``make'' of the Frazer's Hush and Grove Rake
workings combined is around 1030 m3.dÿ1, with a
mean molar SO2ÿ

4 concentration of 5.57 � 10ÿ3

moles.lÿ1. If all of this were derived from sphalerite
oxidation, then an equimolar quantity of Zn would
also be exported from the mine were transport of Zn

conservative. This would amount to 375 kg.dÿ1, which
compares with the mean observed Zn loading leaving
the mine of 13 kg.dÿ1. In other words, only around

3.5% of the total amount of Zn which is released from
sphalerite (by the same oxidation process which
releases the SO4) actually reaches the external environ-
ment. This would imply that 362 kg.dÿ1 of Zn is

trapped within the mined strata following sphalerite
oxidation, most probably by precipitation of hydrozin-
cite or other hydrated Zn CO3 phases. The consump-

tion of alkalinity which precipitation of so much Zn
CO3 would imply might in part explain why the pH
and alkalinity of the Type II waters (7±7.2, and 52±

100 mg.lÿ1 as CaCO3 respectively; Table 1) are both
lower than in the Type III waters of the 260 and 270
levels (7.4±7.7, and 117±154 mg.lÿ1 as CacO3, respect-

ively).

5.2. Other zinc-rich mine waters

Extreme Zn concentrations are common in acidic
mine waters draining sulphidic ore bodies. For

instance, the Wheal Jane mine in Cornwall, England,
had as much as 1700 mg.lÿ1 of Zn (and a pH of 2.6)
when it ®rst began to discharge to surface waters in

1992 (Younger, 1997a). Fuge et al. (1994) have docu-
mented mine waters ¯owing from the abandoned Pb±

Zn mines of central Wales. In that case, the waters are
acidic, and Zn concentrations can exceed 100 mg.lÿ1.
Beyond Britain, even higher values were reported from

the Cu±Zn mines of Norway by Banks et al. (1997),
with up to 5640 mg.lÿ1 Zn in waters of pH 2.6 at Kill-
ingdal mine. In the nearby Lùkken Cu±Zn mine they

found 1100 mg.lÿ1 Zn in waters of pH 4.2. The most
extreme example known to the author relates to a
mine at Iron Mountain, California, where negative pH

values (as low as ÿ3.6) are frequently recorded and Zn
reaches 23,000 mg.lÿ1 (Nordstrom and Alpers, 1999).
Clearly the Frazer's Grove mine waters, with their

neutral pH and only tens of mg.lÿ1 Zn are incompar-

ably better in quality than the few examples of acidic
mine waters listed above. However, they are still su�-
ciently Zn-rich that they cause severe ecological

damage in their receiving waters, and for this reason
alone they are noteworthy. Nevertheless, from a review
of the international literature, it would also seem that

similar Zn-rich, net alkaline mine waters have seldom
(if ever) been previously described. Recent work (Nut-
tall and Younger, 1999) documents similar waters

from nearby mines in the North Pennine Ore®eld,
though at those sites Zn concentrations do not exceed
8 mg.lÿ1. Bowell and Bruce (1995) have documented
net-alkaline mine waters containing Zn which emerge

from the Levant Tin Mine in Cornwall. In that case,
however, the Zn originates in an acidic source within
the mine which is neutralised by mixing with in®ltrated

sea water. Consequently, the example described by
Bowell and Bruce (1995) is not an analogous occur-
rence of Zn-rich drainage which is of neutral pH

throughout its passage through the mine (as is the case
at Frazer's Grove). The paucity of published analogues
for the Frazer's Grove mine waters is surprising, given
the worldwide distribution of Pb±Zn orebodies similar

to that of the North Pennine Ore®eld (cf Dunham,
1990). Undoubtedly similar mine waters must exist,
but with the focus of much research being on ``acid

mine drainage'' it may well be that net-alkaline waters
carrying dissolved Zn have been overlooked in other
areas.

5.3. Practical implications of geochemical results

From Fig. 3, and the foregoing discussion of the
various water types in the mine, it is clear that Type II
mine waters account for almost 60% of the total Zn

loading leaving the mine, even though they amount to
only 25% of the total pumped volume. As the bulk of
the Type II waters are geographically restricted to the

285E district of the mine, this observation o�ers the
possibility of isolating the Type II waters and treating
them separately. In this way, it would be possible to
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achieve a dramatic improvement in the overall quality
of the mine e�uent whilst treating only a quarter of

the total ¯ow. By treating a small volume of waters
with around 20 mg.lÿ1 Zn, rather than a large volume
with 13 mg.lÿ1 Zn, the treatment processes (be they

active or passive) will operate more e�ciently. To
expedite this plan the mining company commenced
driving a 1-in-1 inclined shaft from the 295 level to

intersect the 410 Level at Greencleugh Mine (Fig. 2),
where a passive treatment facility could be con-
structed.

Equipped with a detailed knowledge of the spatial
patterns of water chemistry within the mine, the
mining company is also in a position (for the ®rst
time) to identify what proportion of the total ¯ow

entering the mine is from deep-seated, head-dependent
sources. Identi®cation of head-dependent in¯ows is an
important step in conceptualizing the likely behaviour

of the mine after abandonment. In particular, if it is
clear that in¯ows will decrease as the water level in the
¯ooding mine rises past the source strata, then both

the rate of ¯ooding and the post-¯ooding rate of dis-
charge can be predictively modeled (Younger and
Adams, 1999). In this particular case, the data pre-

sented in this paper served to corroborate a conceptual
model which argues that almost all of the Type II and
Type III sources are head-dependent, so that the only
¯ows which will remain available for discharge to the

external environment after the mine closes will be the
Type I waters. Fortunately, these waters have the low-
est Zn concentrations of the three types (Younger,

1998c).

6. Conclusions

1. Drainage water pumped from an active F±Pb mine
in northern England has unusual chemistry: alkaline
with up to 40 mg.lÿ1 Zn. Waters with Zn concen-

trations as high as this are usually acidic and soft,
whereas these waters are circum-neutral and hard.

2. Detailed surveys of all major underground in¯ows

to the mine revealed major, temporally persistent
heterogeneities in ground water quality, with three
broad types of water identi®ed as being associated
with distinct hydrostratigraphic units:

2.1. Type I waters (associated with the Firestone Sill
aquifer) are cool (<108C), Ca±HCO3±SO4

waters, moderately mineralized (SEC R 410

mS.cmÿ1) with <4 mg.lÿ1 Zn.
2.2. Type II waters (associated with the Great Lime-

stone aquifer) are warmer (1158C), of Ca±SO4

facies, highly mineralized (SEC R 1500
mS.cmÿ1) with R40 mg.lÿ1 Zn.

2.3. Type III waters (in the deepest workings) are

tepid (>188C), of Ca±HCO3±SO4 facies, inter-
mediately mineralized (SEC R 900 mS.cmÿ1)
with R13 mg.lÿ1 Zn, and with signi®cant Fe
(R12 mg.lÿ1) and Pb (R8 mg/l).

3. Monotonic increases in temperature and Clÿ con-
centration with depth contrast with peaks in total
mineralization, SO2ÿ

4 and Zn at medium depth (in

Type II waters). The temperature increase is
ascribed to the unusually high geothermal gradient
in this area (previously noted by Dunham, 1990).

The peaks in total mineralization correlate with the
under-drainage of recent workings of the Green-
cleugh Vein within the Great Limestone horizon.

4. SO4, Pb and Zn are apparently sourced via oxi-

dation of galena and sphalerite, which would release
each metal in stoichiometric equality with SO4.
However, molal SO4 concentrations typically exceed

those of Pb and Zn by 2±3 orders of magnitude,
which mineral equilibria suggest is due to precipi-
tation of CO3 ``sinks'' for these metals. The most

likely ``sink'' for Zn is hydrozincite, which the
WATEQ4F results suggest is at or near saturation
in the Type II and III waters, and which has been

observed actively precipitating in underground
workings to the west of Frazer's Grove.

5. Contaminant loading budgets demonstrate that,
although Type II waters amount to only 25% of the

total ground water in¯ow to the mine, they account
for almost 60% of the total Zn loading. This obser-
vation has important management implications for

both the operational and post-abandonment phases
of the mine life cycle.
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